The optimized-section precast slab with structural aesthetics (OPS) is a half precast concrete slab with multi-ribs that optimizes the cross-section by eliminating the unnecessary bottom flanges at mid-span and has good structural performance by utilizing prestressing strands and truss-type shear reinforcements. In addition, it is a member that is designed to highlight the structural aesthetics through the curved shape of a variable cross-section at the bottom of the flange which is created from a natural shape that is formed in the section optimization process. In this study, experimental research was carried out to examine the structural performance of the OPS, which includes flexure and shear tests on the precast concrete unit members for resisting construction loads, the composite members with cast-in-place concrete, and the continuous end section. The experiment results confirm that, in accordance with the current design code, the flexural performance of OPS is on the safe side regardless of the member type, whereas the shear performance of the precast concrete unit member differs slightly from that of the composite member due to the differences in the contributions of the shear reinforcement as the effective depth varies.
Introduction
The precast concrete (PC) construction method can reduce construction costs by shortening the construction period and can improve the member quality by prefabricating the members at the factory [1] [2] [3] . It has thus been widely applied to underground parking lots, parking towers, warehouses, and large sales facilities [4, 5] . Some PC structures, however, have often had problems with cracks or water leakages in the connections of the PC members due to their lack of integrity. For this reason, a half PC system that typically consists of lower PC parts that are prefabricated in a factory and upper parts that are cast in place has been widely used [6] . For PC slab systems, flat, hollow core, and double Tee types are also often utilized with the half PC method. In the half PC method, the external loads in the construction stage should be resisted by the PC members only; otherwise, it requires supporting posts which is costly and therefore reduces a huge advantage of PC construction methods. Many alternatives have thus been developed to enhance the load carrying capacity of PC slab members at the construction stage [7] [8] [9] [10] and PC slabs with vertical ribs, such as a modified double tee slab (DTS) and a multi-ribbed slab (MRS), are some examples [11] [12] [13] [14] [15] . In addition, many efforts have been made to develop slender half PC members with a long span-to-height ratio (l/h) to maximize space utilization while ensuring efficient structural resistance performance.
In this regard, this study developed an optimized-section precast slab with structural aesthetics (OPS) that can reduce the quantity of materials through the efficient configuration of cross-sections, and one that is suitable for long-span implementation as a type of half PC slab. As shown in Figure 1a ,b, the OPS has a flange on the top in the center of the span and on the bottom at the end of the span and can thus effectively resist the bending moment, as shown in Figure 1c . In addition, it is designed to ensure shear performance by increasing the cross-section as an in situ concrete topping is placed between the end ribs, and also to highlight the structural aesthetics by making the variable cross-section at the bottom of the member curved in the section optimization process, as shown in Figure 1d . Figure 2 shows the manufacturing process of the OPS at a precast plant. The steel form is installed on the prestress bed and work for the prestressing strands is performed. Then, prefabricated reinforcements are placed in the steel form and concrete is poured and cured by steam, thereby completing the PC unit. Figure 2e shows a PC unit member and a composite member with topping concrete placed on top of the PC unit. The projecting height of the shear reinforcement truss bar was sufficiently secured and rough surface treatment was applied to the upper part of the PC unit to ensure interfacial horizontal shear performance with the topping concrete. This study mainly aimed to verify the structural performance of OPS and to examine the validity of the current design codes. An experimental study was conducted to investigate the flexure and shear behavior of the PC unit specimens and the composite PC specimens with topping concrete that were designed according to the ACI 318-14 [16] and KCI 2012 [17] codes. To achieve this goal, a framework was also established, as shown in Figure 3 , in which the study is summarized with the three phases. Firstly, as described in the introduction, the existing PC slabs were reviewed and the OPS slab system was introduced with an emphasis on the basic concept and the novelty of the OPS. In the next stage, the experimental study was designed and was conducted to investigate the flexure and the shear behavior of the OPS. The test results are then discussed and are compared with the current design codes and non-linear analysis results. Based on the findings of this research, the summary of this study is presented with a suggestion on the possible applications of the OPS. 
Test Program

Specimen Details
In this study, flexural and shear test specimens were fabricated for the PC unit member, the composite member with the topping concrete placed on its top, and the continuous composite slab member simulating the negative moment section, as shown in Figure 4 . In particular, Figure 4c shows the test specimen that was produced to examine the performance of the half-PC-type OPS in resisting the negative moment at the continuous ends. Figure 4d shows the notation that was used for each specimen name. Table 1 shows a summary of the concrete compressive strengths and the reinforcement details for the test specimens. There was a total of five test specimens, including PC unit flexural and shear specimens, composite PC flexural and shear specimens, and a negative moment specimen. As the shear tests were conducted at both ends of the specimens, a and b were added to their names for identification purposes. In the case of the negative moment test, one flexural test was conducted on the web section specimen (NFW) with a small compression flange area and on the end section specimen (NFE) with a sufficient compression flange area, respectively, and the two test results were obtained accordingly. All of the PC unit members were made of concrete with the same mix proportion and the material test results showed that the compressive strength of the PC concrete was 47 MPa and that of the topping concrete was 34 MPa. In addition, the yield strength of the reinforcing bars that were used in the test specimens ranged from 462 to 529 MPa, depending on the type of reinforcement that was used, as shown in Table 2 . Figure 5 shows the section details of each specimen. The PC unit and the composite PC specimens were 7 m long and 800 mm wide. The height of the PC unit was 350 mm, while that of the topping concrete was 120 mm, and the inclination angle of the variable cross-section where the positions of the top and bottom flanges change was 60 • . The tensile strength of the seven-wire strands that were used in the PC unit production was 1860 MPa and two strands with 15.2 and 9.5 mm diameters were placed at the bottom and top, respectively. The prestressing forces that were introduced into the specimens were 137.3 and 63.8 kN for the 15.2 and 9.5 mm strands, respectively, and the magnitude of the effective prestress ( f pe ) was about 70% of the tensile strength ( f pu ) of the strand (i.e., f pe = 0.7 f pu ). Figure 5a ,b show that a total of two D16 rebars were placed at the bottom of each rib in the UF specimens and a total of four D16 tensile rebars were placed in the US specimens to increase the flexural strength and thus, to induce shear failure. Figure 5c ,d show that the PC unit member details of the CF specimen were the same as those of the UF specimen and that two D10 rebars were placed inside the upper topping concrete. In the case of the CS specimen, two D19 tensile rebars were added to the same section details as the CF specimen to induce shear failure. For the NF specimen that is shown in Figure 5e , the same PC unit as the UF and the CF specimens with a length of 3 m was produced, and its length ranged up to 100 mm on each side of the stub with a width of 800 mm. Topping concrete was poured to make a 6.6 m long continuous composite member. In the NF specimen, two D13 connecting rebars were placed across the negative moment region, and D10 longitudinal rebars were placed inside the topping concrete throughout the whole sections of the specimens. In addition, five D19 rebars with 3000 mm lengths were placed at 300 mm spacing to resist the tensile force due to the negative moment. Figure 6 shows the details of the stirrups that are arranged on the PC unit ribs of each member. D10 truss bars were placed at 300 mm spacing in the UF specimen and at 400 mm spacing in the US, CF, and CS specimens. The height of the truss bar was 420 mm, the net cover thickness of the lower part was 25 mm, and the truss bar protruded 95 mm from the upper surface of the PC unit. In the NF series specimens, D13 truss bars were placed at 300 mm spacing to resist the large shear forces that were acting in the negative moment region. In addition, the angles of the truss bars were 70.35 • , 64.54 • , and 54.46 • with respect to the longitudinal axis of the member, according to the spacing of the truss bars. Figure 7 shows the loading plans of each specimen. The flexural specimens, UF and CF specimens, were simply supported and were subjected to two-point loading with a shear span length of 2750 mm, as shown in Figure 7a . The shear specimens, US and CS specimens, were also simply supported, however they were subjected to one-point loading with a shear span length of 1200 mm, as shown in Figure 7b . After the shear test was performed at one end, the same shear test was carried out at the other end. As a result, two shear test result sets were obtained from the US and CS specimens, respectively. The continuous composite slab specimens that resist the negative moment, NFW and NFE specimens, were placed upside down, as shown in Figure 7c ,d, and were simply supported with a one-point load. The NFW specimen with a span length of 5.6 m was intended to fail in flexure at the section where the 5-D19 tensile rebars are cut; that is, 1.5 m away from the loading point. On the other hand, the NFE specimen was planned to have a span length of 2.8 m in order to investigate the maximum negative moment resistance performance near the stub-slab interface. All of the specimens were loaded under displacement control with a 1000 kN capacity actuator. Figure 8 shows the locations of the linear variable differential transformers (LVDTs) and the strain gauges that were installed in the reinforcements of each specimen. The thick solid line indicates the positions of the cross-sections where the gauges are installed. For all of the specimens, gauges were attached to the tensile reinforcements at the bottom and the upper strands and also to the shear reinforcements that were placed at the same locations as the longitudinal reinforcement gauges. In the case of the UF and CF specimens, gauges were installed in a total of four cross-sections, including the section around the variable cross-section and the central section, which was the maximum-moment cross-section. The cross-sections were located 600, 800, 1000, and 3500 mm away from the end of the members, respectively. For the US and CS specimens, gauges were installed intensively in the four cross-sections where the failure was expected and the cross-sections were located 400, 600, 800, and 1000 mm away from the end of the members, respectively. Even in the case of the NF series specimens, the gauges were attached to the longitudinal reinforcement in the lowest part of the cross-section, the shear reinforcement, the upper strand, and the longitudinal reinforcement placed in the topping concrete, as is the case for the composite PC members. In order to measure the deflection of the member during loading, a total of three LVDTs were installed at the center of the member span and the two other locations (Refer to Figure 8 ). For the NFW specimen, a total of three LVDTs were installed at the center of the member span and the locations that were 1400 mm away from the mid-span on both sides. In the case of the NFE specimen, only one LVDT was installed at the position of the loading section. The loads, deflections, and strains for each specimen were measured and collected through a data logger. Figure 9 shows the load-deflection responses of the specimens. Figure 9a shows the vertical deflections that were measured from the LVDTs shown in Figure 9a ,b for the UF and CF specimens. The initial flexural cracks occurred at 61 and 85 kN, respectively in the UF and CF specimens, and the difference is because the member height and the moment of inertia of the CF specimen were greater due to the topping of concrete. After the flexural cracks, the two specimens showed a reduction in stiffness and exhibited ductile behavior until failure. Figure 10 shows that both the UF and CF specimens revealed typical flexural failure modes. However, in the CF specimen, which was a composite PC slab member, a slightly larger deflection was measured in the LVDT that was located on the right after the maximum load was reached, and the failure occurred as the critical crack between the right loading point and the tension zone progressed. The US and CS shear specimens were divided into USa, USb, CSa, and CSb based on the results of the experiments that were conducted at the left and the right ends of the members, as shown in Figure 8b ,d, and Figure 9b shows their load-deflection curves. In the USa and USb PC unit specimens, the initial shear cracks occurred at the 85 and 72 kN loads, respectively. The USa and USb specimens, which were PC unit members, were observed to have developed critical cracks around the variable cross-section, where the positions of the top and bottom flanges changed. In addition, due to the influence of the variable cross-section, a relatively high crack angle was observed, as cracks were concentrated on the web between the loading point and the variable cross-section, as shown in Figure 11a ,b, which is different from general shear crack patterns. In the CSa and CSb composite PC specimens, the initial flexural cracks were observed at loads of 109 and 133 kN and shear cracks occurred in the member web at the loads of 186 and 195 kN, respectively. After reaching the maximum load, the CS specimens that were composite PC members showed more brittle behavior compared to the US specimens that were non-composite PC units. This suggests that as the flexural performance was improved due to the topping concrete and as the influence of the variable cross-section was relatively small in the composite PC members (i.e., the CSa and CSb specimens), the shear dominant failure pattern seemed to be more apparent compared to the PC unit specimens, as shown in Figure 11c ,d. Figure 9c shows the load-deflection responses of the NFW specimens. Figure 12 shows that the region of the NFW specimen can be divided into Section 1 where the compression flange was formed in the section where the longitudinal tensile reinforcement was placed (moment strength in this section: M n = M n1 ); Section 2, where the longitudinal tensile reinforcement was placed, but the compressive force is resisted by the rib section without a compression flange (moment strength in this section: M n = M n2 ); and Section 3, where there was no longitudinal tensile reinforcement, and the compressive force is resisted by the rib section (moment strength of cross-section in this section: Figure 13a ,b show that the failure section of the NFW specimen was located at a distance 1425 mm from the center of the member, not at the maximum-moment region. This is because the flexural failure occurred at the section with the lowest moment strength (i.e., M u = M n3 ) before the external moment (M u ) that was caused by one-point loading reached the maximum moment capacity (i.e., M u = M n1 ), as shown in Figure 12 . The failure section of the NFW specimen also coincided with the location where the 5-D19 tensile rebars were cut as well as the location of the variable cross-section, as mentioned earlier. In other words, it was the location where the influence of the stress concentration and the anchorage loss resulting from the cutting of the reinforcement and the rapid change of the cross-section that were significant. Therefore, it should be noted that it is very important to place the tensile reinforcement at the continuous end with sufficient length beyond the variable cross-section by considering the applying load and the flexural moment distribution and to design the flange section of the PC end considering the negative moment region. The NFE specimens were designed to examine the maximum-moment resistance performance (M n1 ) of the member cross-section with a compression flange by adjusting the supports, as shown in Figure 7d , after the completion of the NFW test. Due to the effect of existing cracks that developed during the NFW test, it exhibited linear behavior without stiffness degradation at the initial loading stage, as shown in Figure 9d . Then, the stiffness decreased rapidly after the tensile reinforcement yielded and the specimen showed very ductile behavior until failure. Figure 13c shows that flexural cracks developed intensively at the interface between the PC slab and the stub section and that flexural failure occurred with the crushing of the concrete on the compression side. Figure 14 shows the strains that were measured from the gauges that attached to the reinforcements of the specimens. In the graphs, "Tension" and "Stirrup" refer to the gauges that were attached to the longitudinal and shear reinforcements, respectively, while "Topping" refers to the gauge that was attached to the longitudinal reinforcement that was placed in the topping concrete. In addition, the numbers attached are the positions of the cross-sections with the gauges which are arranged in ascending order from the end to the center of the member, as shown in Figure 8 . Figure 14a ,b show that in the UF specimen and the CF specimen, the strains of the flexural tensile reinforcement in the maximum-moment region increased significantly with increasing load, whereas the strains in the shear reinforcement were very small, even until failure. Therefore, it can be confirmed that the two specimens failed in flexure. Figure 14c ,d show the load-reinforcement strain responses of the USb specimen and of the CSb specimen, respectively. However, some strain data could not be presented in the graphs due to damage in the gages. In the USb specimen, the strain that was measured from the longitudinal reinforcement was very small and the shear reinforcement (i.e., stirrup 3) that was located 800 mm away from the member end showed a strain that was close to the yield strain at the maximum strength. In the CSb specimen, the shear reinforcement also experienced a very large strain, as can be seen in Figure 14d , and the strains that were measured from the longitudinal reinforcement were very small compared to those of the shear reinforcement. 
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Comparison of the Test and Analysis Results
To determine if the OPS member design can be properly done in accordance with the current standards, flexural and shear performance evaluation of the OPS was performed by applying the ACI318-14 [16] and KCI 2012 [17] code equations, as shown in Table 3 . In addition to these code equations, layered sectional analysis (LSA) [18, 19] considering the strain compatibility and force equilibrium conditions was performed for the evaluation of flexural strength. For the shear strength evaluation, a detailed comparative analysis of the test and the analysis results was conducted using RESPONSE2000 (R2K) [20] , a program that was developed at the University of Toronto that is based on the shear analysis model MCFT [21] [22] [23] . Since horizontal shear cracks at the interface between the PC unit and the topping concrete did not occur in any of the composite specimens, the interface was considered as a full-composite interface when the layered sectional analysis was performed. In addition, the compressive strengths of the topping concrete, rather than those of the PC unit, were applied as in practical design when the shear strengths were calculated for the composite PC specimens. Table 3 . Code equations for estimating the flexural and shear strength of the OPS [6, 7] . Table 4 and Figure 15 show the comparison of the test and the analysis results with respect to the flexural and shear strengths of the specimens. Figure 15a shows the strength evaluation results of the UF and CF flexural specimens. LSA showed a very accurate evaluation of the flexural strength of the UF specimen, however it somewhat overestimated the flexural strength of the CF specimen. It seems that the CF specimen reached failure at a lower load because the loading was somehow concentrated at one of the two loading points, as shown in Figure 10c . However, the nominal moment capacity (M n ) that was calculated using the design equation very accurately evaluated the flexural capacity of the UF and CF members and thus, it was confirmed that when the member is designed with the strength reduction factor (φ) of 0.90 [16] , sufficient flexural strength can be secured. Figure 15b shows the strength evaluation results of the shear specimens. R2K [20] , based on MCFT [21] [22] [23] , gave somewhat conservative results. The code equation evaluated the shear strengths of the CS series specimens close to the test results, however it overestimated the shear strengths of the USa and USb specimens that were PC unit members. This is because the shear reinforcement of the OPS was designed not to secure the shear performance of the PC unit member, but to ensure the shear performance of the composite member, and the resistance of the shear reinforcement that was placed in the PC unit member was not sufficiently activated, as the shear reinforcement was placed at a spacing of 400 mm which was wider than the PC unit member height of 350 mm. However, when the 0.75 of strength reduction factor was applied [16] , the shear strength was found to be on the safe side for the USa and USb specimens. Therefore, the design can be made possible by the current design codes, however there is still a need to secure the reliability of the member design through further research on the shear performance of the OPS unit. Figure 15c shows the results of the evaluation of the negative moment resistance capacities of the NFW and NFE specimens which were continuous composite members. It was confirmed that LSA and the code equations provided considerably accurate evaluations of the moment strengths of the specimens and that the appropriate safety can be secured in design when the strength reduction factor 0.9 is applied.
Conclusions
This study presented the newly developed OPS system that has structural aesthetics resulting from the optimization process of the cross-section to effectively resist external forces. An experimental investigation was conducted to analyze the structural performance and the behavior characteristics of the OPS and the test results were compared with the nonlinear analysis results to examine the applicability of the current design codes. Below are the conclusions that were derived from this study.
1.
The OPS has an optimized cross-section that can effectively resist both positive and negative moments with the flange positioned on the top in the center and on the bottom at the end portion of the PC unit and is a member that has been developed to introduce a curved shape into the variable cross-section and thus, to highlight the structural aesthetics.
2.
According to the test results, no damage was observed at the interface between the PC unit and the topping concrete, and the composite specimens exhibited full-composite behavior. 3.
In the PC unit shear specimens, critical cracks progressed near the variable cross-section and shear cracks were formed at an angle that was higher than that of the typical horizontal members. On the other hand, in the composite PC shear specimens, the flexural performance was improved due to the topping concrete and shear dominant failure modes were more apparent as the influence of the variable cross-section was relatively small compared with that of the PC unit specimens. 4.
The current design codes were found to provide a very accurate evaluation of the flexural capacities of the PC unit and the composite PC members and, in particular, could also properly evaluate the negative moment resistance capacity at the continuous ends. However, it should be mentioned that to secure the required negative moment resistance capacity, the location of the variable cross-section and the cutting point of the tensile reinforcement that was placed at the continuous ends should be properly determined considering the applied loads and the flexural moment distribution.
5.
It is expected that the OPS can be utilized to long span structures, such as underground parking lots and logistics warehouses which require high load carrying capacities with economic feasibility and structural aesthetics. 
